Abstract: A metal-filled photonic crystal fiber (PCF) polarization filter based on surface plasmon resonance (SPR) is proposed and designed. The structure of the cross-section of a PCF is composed of a hexagonal lattice of air holes, in which an air hole is selectively filled with metal. We realize the polarization filter at the communication wavelengths of 1.31 and 1.55 µm with optimized structural parameters. The losses of the X polarization mode are 25126.44 and 22444.54 dB/m, while the losses of the Y polarization mode are about 1375.81 and 358.62 dB/m at the resonance wavelengths 1.31 and 1.55 µm, respectively. Therefore, the two light polarizations can be clearly separated. When the fiber length is 600 µm, cross-talk is over 20 dB at the communication wavelengths, while the achieved bandwidth is 160 and 200 nm at 1.31 and 1.55 µm, respectively. Furthermore, the distance between the resonance peaks of the two polarizations can reach 267 nm at 1.55 µm, achieving a significantly higher value than previously reported. These results are of great significance for the development of a polarization filter applicable in targeted communication bands.
Design of a Metal-Filled Photonic-Crystal Fiber Polarization Filter Based on Surface
Plasmon Resonance at 1.31 and 1.55 µm
Introduction
Compared to traditional optical fibers, photonic crystal fibers (PCFs) are composed of periodically arranged microscopic air holes, which provide greatly enhanced design freedom and exhibit unique optical properties [1] - [3] . Utilizing this improved design flexibility, several researchers have designed PCFs with different structures, with some filling the air holes with several types of materials, such as liquid crystals [4] , semiconductors [5] , metals [6] , [7] , or metallic films [8] , [9] . In recent years, material-filled PCFs have been extensively studied, as they provide a promising alternative to traditional fiber applications, e.g., for telecommunication, optical components, sensors, or quantum cryptography [10] - [13] . In particular, metal-filled PCFs show certain excellent unique properties. When the incident angle and wavelength are properly chosen, surface plasmon resonance (SPR) occurs between the plasma wave in the metal medium and the evanescent wave. Hence, SPR is characterized by a strong absorption of the incident light and a low energy of the reflected light. Therefore, an absorption peak appears in the reflected spectrum [14] . This feature provides a good foundation for designing high-sensitivity SPR-PCF sensors [15] , [16] .
In 1993, Jorgenson and Yee proposed the idea of using PCF as a carrier to stimulate SPP modes, and consequently, developed the first SPR-PCF sensor [17] . In recent years, SPR-PCFs have also been applied as various optical components. Polarization filters are key components in optical communication networks and optical sensor systems. In 2015, Ahmed M. Heikal and Firas Faeq K. Hussain designed an efficient polarization filter based on SPR-PCF at wavelengths of 1.013 and 0.98 µm [18] . In 2017, Linghong Jiang and Yi Zheng proposed a broadband singlepolarization filter, with numerical simulations showing that the loss of the X-polarized core mode is over 248.95 dB/cm, while the loss of the Y-polarized core mode is below 0.21 dB/cm in the 1.25-2.1 µm wavelength range [19] . Optical fiber communication systems usually use two wavelengths: 1.31 and 1.55 µm. These two wavelengths are, in addition, also the most widely used ones for various optical devices and sensing systems. However, the polarization filter characteristics in the 1.31 and 1.55 µm communication bands have been rarely reported. Therefore, research on the polarization filters in the communication bands of 1.31 and 1.55 µm is very important and offers immense application value.
In this study, a novel metal-filled SPR-PCF polarization filter at the wavelengths of 1.31 and 1.55 µm is designed. We investigate the polarization characteristics of PCFs with their cladding air holes selectively filled with metal wires through a full-vector modal solver based on the finite element method (FEM). The PCF is designed as a hexagonal structure. The diameter of the air holes arranged in a triangular lattice alternates from the outside towards the middle. The core modes couple to the SPP modes when the phase-matching conditions are satisfied. In order to create a PCF with high birefringence, so that the resonance wavelengths of the X-polarized and Y-polarized modes can be divided, we have designed six ellipsis-shaped air holes around the fiber core. Furthermore, we summarize and analyze the influence of the pitch of the air holes, diameter of the gold wire, and ellipticity on the polarization filter characteristics. Finally, we realize a polarization filter PCF with one gold wire functioning in the communication bands of 1.31 and 1.55 µm. The major advantage of the proposed design is that the required resonance wavelength can be adjusted very accurately by adjusting ellipticity. Although there are some reports on the usage of ellipticity to adjust the basic characteristics of PCF, few reports are about adjusting filter characteristics by asymmetric ellipticity. Moreover, many polarization filters use core mode and second-order SPP mode coupling, but we found good polarization filter performance is achieved using first-order SPP mode coupling. The PCFs designed in this study are applicable for fiber-filter production.
Structural Design and Dispersion Relations of the Metal-Filled PCF

Structure of the Proposed PCF and Fundamental Theory
The cross section of the proposed polarization filter metal-filled PCF is shown in Fig. 1 . The PCF consists of four layers of air holes. In order to enhance the degree of birefringence of the fiber, two layers of air holes with different sizes are arranged in an alternating way. The diameter of the air holes is represented by d1 and d2, respectively. indicates the lattice pitch. We used elliptical air holes in the innermost layer to maximize the splitting effect. The X-and Y-axis diameters of the elliptical air-holes are denoted by dx and dy, respectively.
As we know, the coupling strength becomes weaker as the gold wire moves farther from the core region [6] , we place the metal wire near the innermost elliptical air hole in the structure. Although, more than one metal wire helps to increase polarization losses, how to arrange several metal wires is a difficult task, especially for different PCF structures. Therefore, we fill only one mental wire near the ellipse.
There are a few metals that can support SPRs, such as gold, silver, copper, aluminum, and several others. Owing to the good stability of gold [20] , it was chosen for the present work. We chose the second layer of air holes in the X direction to be filled by the metal. As the black section shown in Fig. 1 , dm is the diameter of the metal hole. The dielectric constant of gold is described by the Drude-Lorentz model [21] as:
where ε m = 5.9673 is the dielectric constant of gold, ε ∞ is the high-frequency dielectric constant, ε = 1.09 is a weighting factor, and ω is the angular frequency of the incident light. ω D and γ D are the plasma and damping frequencies, respectively, where
L and L represent the frequency and the spectral width of the Lorentz oscillator, respectively. L /2π = 650.07 THz, L /2π = 104.86 THz. The background material is silicon dioxide, and its refractive index can be calculated according to the Sellmeier equation [22] :
where λ is the incident wavelength, and the Sellmeier coefficients are:
The confinement losses of the x and y polarization modes can be defined as:
where λ is the wavelength of the incident light and Im(n eff ) is the imaginary part of the effective refractive index of the core mode. The units of confinement loss and wavelength are dB/m and µm, respectively. The finite-element-method-based simulations of the various properties of the proposed PCF and SPP modes were carried out by the commercially available COMSOL Multiphysics software. A perfectly matched layer (PML) is positioned outside the outermost ring as the absorbing boundary to reduce the simulation window.
Dispersion Relations
We first discuss the dispersion and loss of the metal-filled PCF proposed in this paper. Fig. 2 (a) depicts the dispersion relation of the core-guided and SPP modes, and the loss spectra of the core-guided modes as function of the operating wavelength λ. The structural parameters were dm = 0.8 µm, dx = 0.912 µm, dy = 1.2 µm, and = 1.8 µm. We can clearly identify the dispersion relation of the SPP and core modes. The refractive index of the fundamental mode of the SPP is much larger than that of its core mode. Therefore, it is challenging to realize SPR between the two modes. However, the refractive index of the 1st SPP exhibits intersection points with the core modes at 1.55 µm in the X-polarized and 1.817 µm in the Y-polarized directions. At these intersection points, the phase-matching condition is satisfied and the core mode is coupled to the SPP mode. We can see that the confinement losses of core modes experience an abrupt increase at the intersection points and their refractive indices exhibit small jumps, as shown in the enlarged insets. The largest confinement loss of the X polarization is larger than that of the Y polarization, as the gold wire is in the X direction. Hence, the SPP modes couple preferentially with the X polarization. Fig. 3 (c) and (f) depict the field distributions at the resonance points for the X and Y polarizations, respectively. At these points, the two modes (1st SPP mode and core mode) are coupled to each other. In this study, a complete coupling is observed between the two modes [9] . As Fig. 3 (c) and (f) show, a part of the power is transferred from the center core to the surface of the gold rod. This is caused by the light incident on the PCF inducing surface plasmon waves (SPWs) on the surface of the metal. When the evanescent wave formed by the total reflection is in resonance with the SPWs, the reflected light intensity is greatly reduced. The energy is transferred to the surface plasma, and most of the incident light energy is absorbed by the SPWs, leading to high transfer losses. At this point, the phase matching condition is satisfied and the energy of the reflected light declines rapidly, forming the highest loss peak shown in Fig. 2 [13] , [20] . The loss peak was observed at a wavelength of 1.55 µm, with the X-polarization loss being about 22444.54 dB/m, far exceeding the loss of 358.62 dB/m for the Y polarization. In addition, the loss of the Y-polarized light is significantly larger than that of the X-polarized light at 1.817 µm.
Results of Numerical Analysis
The key characteristics of polarization filters include resonance intensity, resonance wavelength, and the distance of resonance points between the X and Y polarizations. The filter properties are easily affected by the structural parameters, e.g., the diameter of the metal wire, diameter of the air hole in the cladding layer, and so on. In this section, we investigate the influence of different structural parameters on the characteristics of polarization filters.
Influence of Resonance Intensity
In the first, we discuss the effect of the size of metal hole on the resonance intensity. We set = 2.0 µm, dx = 0.8 µm, dy = 1.2 µm, and keep them constant. We let the diameter dm change from 0.6 to 1.0 µm. As illustrated in Fig. 4 , surface plasmonic waves are very sensitive to change in the diameter of the gold wire, as the confinement loss exhibits significant shifts with varying wire diameters. When dm = 0.6 µm, the confinement loss is about 9,800 dB/m, while for dm = 1.0 µm it increases to 15,000 dB/m. In addition, the resonance intensity exhibits a clear maximum value for dm = 0.8 µm. At a wavelength of 1.705 µm, the resonance strength of the X polarization reaches a maximum value of 18,816.32 dB/m, while in the Y-polarization, the confinement loss is significantly lower. Therefore, considering the resonance intensity, dm = 0.8 µm is the optimal choice. Subsequently, we discuss the effect of the ellipticity of the air holes on the resonance intensity. We set the y-diameter of the ellipse dy to a fixed value of 1.2 µm, and kept the diameter of the metal hole dm = 0.8 µm. Fig. 5 shows the confinement-loss dependence on the operating wavelength of the X-and Y-polarized core modes in the PCF for dx of 0.4 µm, 0.6 µm, and 0.8 µm. The effect of the ellipticity on the resonance intensity is not significant. The resonance strength reaches its peak at 1.55 µm for dx = 0.6 µm, with the confinement loss in the X polarization reaching 18,899.91 dB/m.
Finally, we discuss the effect of the pitch of the air holes on the resonance intensity. The loss of the core mode is shown in Fig. 6 as function of the operating wavelength. We observe the highest loss value for = 2.0 µm, with the loss values of the X-and Y-polarized core modes being almost identical at the resonance wavelength of 1.55 µm. The effect of the hole spacing on the resonance intensity is irregular. This shows that if we desire to enhance only the resonance strength, the pitch of the air holes cannot be simply modified. All the results show that the change of resonance intensity is not regular, but the resonance intensity experiences a trend of decrease in the long wavelength. It is because the resonance wavelength moves to the long wavelength with the increase of , dm and ellipticity. The other loss, such as scattering loss and absorb loss inceases and the propotion of the plasmonics-resonance loss in the total loss is decreased in the long wavelength.
Influence of Resonance Wavelength Peaks
Resonance wavelength is the key parameter of filter, which directly affects the application field of filter. The purpose of this paper is also to find filters with resonance wavelengths at 1.31 and 1.55 µm. From Fig. 4 , we can observe that with increasing of dm, the resonance peaks experience a red-shift. When dm = 0.6 µm, the resonance wavelength for the X polarization is 1.447 µm, and it shifts to 1.834 µm for dm = 1.0 µm. Hence, if we want to modulate the wavelength of the resonance point at 1.31 µm, the diameter of the metal wire needs to be less than 0.6 µm. If the resonance point required at 1.55 µm, the diameter of the metal wire needs to be set between 0.6 and 0.8 µm.
Fig . 5 shows the trend of the confinement loss changes with the ellipticity of the elliptic air holes. To change the ellipticity, we set the Y-axis of the ellipticity to a constant of 1.2 µm and the X-axis to a variable. When dx = 0.4 µm, the resonance wavelength for the X polarization is about 1.41 µm. Meanwhile, when dx = 0.8 µm, the resonance point for the X polarization shifts to about 1.69 µm.
In other words, with the increase of the ellipticity of the elliptical air holes around the center of the PCF, the resonance points for both polarizations are shifted toward longer wavelengths.
As shown in Fig. 6 , the pitch of the air holes has a significant effect on the resonant wavelength peaks. It can be easily observed that with the increase of , the resonance points are shifted towards longer wavelengths for both polarizations. As increases from 1.8 to 2.2 µm, the resonance point for the X polarization is shifted from 1.25 to 1.7 µm, and the resonance point for the Y polarization moves from 1.4 to 1.65 µm.
To sum up, the resonance wavelength experienced a red-shift with the increasing of , dm and ellipticity. The diameter of dm has little influence on the refractive index of core mode, but the refractive index of 1st-SPP mode increases remarkably. Refer to Fig. 2 for the dispersion relation of the core modes and SPP modes, the intersection points move to a longer wavelength. The effective refractive index of the core mode is easily affected by ellipticity and , but the refractive index of 1st-SPP mode does not. With the increasing of , the distance between the metal wire and the fiber core increases. The coupling between them becomes more difficult which resulting the intersection points move to a longer wavelength. At the intersection points, the two modes (1st SPP mode and core mode) are coupled to each other. Refer to Fig. 3 for field distribution, a part of the power is transferred from the center core to the surface of the gold rod, and forming the highest loss peaks shown as Figs. 4-6.
Influence of the Distance Between the X and Y Polarizations at the Resonance Wavelength Peaks
The distance between the resonance peaks of the X and Y polarizations is also an important parameter of polarization filter. Generally, separation of the two polarizations is significantly easier if this distance is larger. Fig. 4 shows that the distance between the resonance peaks of the X and Y polarizations increases with the increase of dm. With dm = 1.0 µm, the distance reaches 115 nm, which significantly exceeds the 40 nm achieved with dm = 0.6 µm. Considering the distance between the two polarizations, a bigger diameter of the metal hole aids their separation. Fig. 5 shows the importance of the ellipticity of the elliptical air holes: the resonance wavelength of the Y polarization is on the left side of that of the X polarization when dx = 0.4 µm, which is shifted to the right side of X polarization when dx = 0.8 µm. In addition, the resonant wavelengths of the two polarized waves are both 1.55 µm for dm = 0.6 µm. The results clearly show that the ellipticity significantly influences the resonance point of the Y polarization. Hence, the resonant wavelength can be adjusted by fine-tuning the ellipticity. This observation is helpful for the follow-up of this study which aiming at realizing polarization separation in communication bands.
The effect of the pitch of the air holes on the distance between the resonance peaks of the two polarization directions is shown in Fig. 6 . It shows that with increasing of , the distance between the two orthogonal polarization peaks decreases first and then increase. Although there is no definite trend, the results indicate that the influence of the pitch on the distance is significant.
In brief, the distance between the resonance peaks of the X and Y polarizations increases as dm increases. Because the SPP wave becomes closer to the core mode with the increase of dm. Therefore, the coupling strength of SPP wave and core mode is enhanced. The Y polarization mode moves faster than the X polarization mode with the increase of ellipticity. because the ellipse air holes are arranged longitudinally. The influence on Y polarization mode is more obvious.
Optimal Structure
Based on the results presented in the previous section, to obtain better polarization filtering characteristics at the wavelengths of 1.31 and 1.55 µm, we propose an optimal structure as shown in Fig. 7 . We utilize two different ellipse-shaped air holes in the horizontal direction by interchanging the values of dx and dy to increase the birefringence of the PCF, and Fig. 7 shows the influence of different PCF structures. As we can see in Fig. 7 , when we use different ellipticities in the X direction, the X polarization peak is almost invariant. Meanwhile, the Y polarization resonance point is significantly shifted towards the long band. Because the shift of the Y polarization peak, the distance between X polarization and Y polarization resonance peaks is increased. This shows that the structure optimized by interchanging the two ellipse axes in the horizontal direction is helpful to obtain better performance of the PCF polarization filters.
In order to move the resonance point towards the wavelength of 1.31 or 1.55 µm, we further discuss the influence of ellipticity on filtering characteristics based on the optimized structure. Fig. 8 shows the results of confinement loss peaks, with dx set to 0.4, 0.6, and 0.8 µm. The resonance point of the X polarization approaches the communication waveband of 1.55 µm when dx = 0.6 µm. Based on Fig. 5 , the distance between the resonance points of the two polarizations in the optimized structure is increased from 0 nm to 60 nm. These results can lay the foundation for subsequent research.
Based on the previous research, surface plasmonic waves are very sensitive to the pitch of the adjacent air holes. As shown in Fig. 9 , the confinement loss of the metal-filled PCF of the optimized structures varies considerably with the change in the pitches too. When the pitch changes from 1.8 to 2.2 µm, the distance of the resonance peaks between the two polarizations is shortened. In addition, the resonant peaks are shifted towards longer wavelength, and the confinement loss is gradually reduced. When = 1.8 µm, the resonance wavelength is about 1.359 µm and the confinement loss is 23,427.24 dB/m for the X polarization. The distance between the resonance peaks of the two polarizations is about 104 nm. The resonance wavelength is about 1.712 µm for = 2.2 µm, but the confinement loss is significantly reduced, and the distance of the resonance points is very short. This shows that the increase of is unfavorable for improving the polarization filter characteristics. To sum up the above results, a polarization filter at the wavelength of 1.31 or 1.55 µm can be designed by altering the parameters of the fiber. Based on Figs. 4 and 7, in order to shift the resonance wavelength to 1.31 µm, we can keep = 1.8 µm and reduce the diameter of the metal wire, or increase the ellipticity of the air holes. At the same time, if we want to move the resonance point to 1.55 µm, we can increase the diameter of the metal wire or reduce the ellipticity. We chose to change the ellipticity by adjusting dx based on Figs. 9, and Fig.10 shows the related simulation results. We can find that the resonance points which are getting closer to the wavelength of 1.31 and 1.55 µm as we expected above. For dx = 0.6 µm, the wavelength of the resonance point of the X polarization is close to 1.31 µm. For dx = 0.8 µm and dx = 1.0 µm, the resonant wavelengths of the X polarization are located on both sides of 1.55 µm, respectively. It indicates that if dx is between 0.8 and 1.0 µm, a resonance wavelength of 1.55 µm can be achieved.
In order to modulate the resonance wavelength of the X polarization to 1.31 and 1.55 µm, we have fine-tuned the value of dx, obtaining the values of 0.5 and 0.912 µm, respectively, while the remaining parameters were set to dm = 0.8 µm, dy = 1.2 µm, and = 1.8 µm. The final simulation results are shown in Fig. 11 . The polarization filter characteristics are satisfying in both the communication bands: the confinement loss is about 25, 126 .44 dB/m for the X polarization at We have achieved polarization filter at the wavelengths of 1.31 and 1.55 µm. As far as we know, cross talk (CT) is an important parameter used to evaluate the characteristics of polarization filters. When the CT is below the magnitude of 20 or −20 dB, the X and Y polarizations modes could be clearly separated. Therefore, it is necessary to discuss the CT for different fiber lengths of the proposed PCF. The CT determines the influence of unwanted polarization modes, and thus, can characterize the transmission performance. It can be written as:
where α 1 and α 2 represent the confinement losses of the X and Y polarizations, respectively, and L is the fiber length. We set the value of L to 600, 800, 1000, and 1200 µm. Fig. 12(a) shows the CT as a function of the operating wavelength λ, with = 1.8 µm, dm = 0.8 µm, dx = 0.912 µm, dy = 1.2 µm. The CT increases with increasing fiber length. When the length of the fiber is 600 µm, the CT is below 20 dB, bandwidth is about 200 nm, and peak value of the CT is −120 dB. Moreover, the peak value of the CT reaches 220 dB, and the bandwidth of the CT lower than −20 dB reaches 260 nm with a fiber length of 1.2 mm at the wavelength of 1.55 µm. Likewise, as can be seen in Fig. 12(b) , the peak value of the CT is −249 dB at the wavelength of 1.31 µm. The bandwidth of the CT lower than −20 dB reaches 160 nm when the fiber length is 600 µm. The bandwidth reaches 198 nm for L = 1.2 mm. This indicates that the polarization filter characteristics of the designed PCF are sufficient in the two targeted communication bands. More importantly, the length of the PCF is very short, and has a very good application potential in the field of micro-integration. Finally, we briefly discuss the possibility of fabrication for the proposed PCF. Stack and draw technique [23] is the best option for PCF fabrication, which relies on the manual assembly of glass capillaries and rods into an appropriate preform stack whose structure corresponds approximately to the desired fiber structure. After inserting the preform stack into a glass tube and fusing during the drawing process, the final step in PCF fabrication involves drawing the cane into the fiber with [24] . Then, we can fill the gold wire into the specified air hole by using pressure assisted melt filling technology [25] . During the drawing process of standard fibers, the structural parameters inevitably changed by 1%. It is the limited precision that is the only way to guarantee the parameters. Ellipticity is an important parameter that affects the performance of polarization filter in our design. Therefore, we discuss the geometric error of ellipticity. We deduced that the parameter of ellipticity is varied in ±5% base on the optimum values of Fig. 11 . Table 1 shows the characteristics of a polarization filter with an ellipticity deviation within ±5%. It shows that the resonance intensity is lower than that of Fig. 11 . That is because the best resonance point is no longer 1.31 and 1.55 µm with the change of ellipticity. For example, the best resonance wavelength of the X polarization moves from 1.31 to 1.322 µm when the ellipticity increases by 5%. However, resonance intensity of the X polarization is also much larger than Y polarization. The two polarization states can be separated easily. It is assumed that the proposed PCF has good tolerance to fabrication errors.
Conclusion
In this study, we proposed a polarization filter PCF based on SPR. The 1st order SPP mode can be coupled to the core mode when the phase matching condition is satisfied. The resonance wavelength can be modulated by changing the ellipticity of the ellipse-shaped air holes around the fiber core. Numerical simulations show that the polarization filter characteristics of the designed PCF are sufficient, especially at the 1.31 and 1.55 µm. By adjusting the ellipticity to dx = 0.912 µm, and dy = 1.2 µm, the confinement loss of the X polarization mode is 22,444.54 dB/m, and that of the Y polarization mode is just only 412 dB/m at the resonance wavelength of 1.55 µm. The distance between the peaks of the two polarizations reaches 267 nm. When dx = 0.5 µm, dy = 1.2 µm, at the resonance wavelength of 1.31 µm, the confinement loss can reach 25,126.44 dB/m for the X polarization, while the confinement loss of the Y polarization is very low. Since the resonance intensity of the X polarization is much higher than the resonance intensity of the Y polarization at the same wavelength, the two polarization states can be separated easily. Moreover, when the fiber length is 1 mm, the CT reaches −224.8 dB and −249 dB at the wavelengths of 1.55 and 1.31 µm, respectively. All these results indicate that the proposed PCF structure performs well as a polarization filter.
